Objective: The aim of this study was to examine the effect of temperature on fluoride uptake by enamel specimens from a 0.05% NaF-fluoridated mouthrinse (Oral-B Advantage; Oral-B Laboratories, Newbridge, UK).
Fluoride penetration in the enamel occurs through the replacement of the relatively weak hydroxyl ions in the enamel mineral structure by the much more active fluoride ions, thereby improving the chemical stability of the enamel structure and making it more resistant to acids. [1] [2] [3] [4] The presence of fluoride in the oral cavity, especially in the saliva, has also been shown to have beneficial effects.
INTRODUCTION
have been developed to provide supplemental fluoride in various forms. After dentifrices, fluoride mouthrinses represent one of the most useful fluoride products. 1, 2, [8] [9] [10] [11] [12] The fluoride mouthrinses commonly used today are neutral pH, 0.05% NaF, stable chemical compounds 13 that act topically to decrease enamel decalcification and increase remineralization. 14, 15 The most important function of fluoridated agents is to increase the enamel resistance to acid by decreasing solubility through the incorporation of fluoride into the enamel apatite structure. Fluorapatite formation is based on a chemical equilibrium that allows the penetration of fluoride into the enamel. As with all chemical reactions, this process is strongly influenced by concentration and temperature. 16 In a study examining the effects of heat on tin and fluoride uptake from topical SnF 2 solutions by enamel samples prepared from extracted bovine teeth, Putt et al 17 noted an increase in both tin and fluoride uptake with increase in temperature. Barrancos 18 also found that higher temperatures enhanced fluoride uptake by the enamel from topical acidulated phosphate fluoride (APF) solutions. In study conducted using powdered enamel over a wide temperature range, Stearn and Berndt 19 found APF solutions to be correlated with an increase in fluoride content and CaF 2 formation. Stookey and Stahlman20 suggested that thermal changes resulting from friction were responsible for the enhanced fluoride uptake provided by fluoride-impregnated prophylactic cups.
In order to better understand the effects of temperature on fluoride uptake, this study compared the rates and amounts of fluoride uptake by the enamel from a fluoridated mouthrinse at 3 different temperatures.
MATERIALS AND METHODS
The chemical substances and equipment used in this study are listed in Tables 1 and 2 , respectively.
Preparation of the Specimens A total of 30 extracted human maxillary central incisors were used in the study. All the teeth were visually examined to ensure that they were free from apparent caries, macroscopic cracks, abrasion, and excessive staining on the lingual and buccal surfaces. Prior to use, the teeth were cleaned by gentle brushing with a fluoride-free toothpaste and stored in distilled water containing 0.1% thymol at 4°C. The crowns were separated from the roots 2 mm above the cemento-enamel junction and sectioned mesiodistally; then, the labial surfaces were sectioned into 3 slabs by using a diamond saw (Isomet; Buehler, Lake Bluff, IL, USA). The inner surfaces of each section were abraded using wet 360-and 600-grit silicon carbide paper to remove any remaining dentin, and the slabs were examined under a stereomicroscope (Leica MZ12; Leica AG, CH-9435 Heerbrugg, Switzerland) to confirm that they consisted of enamel alone. All specimens were stored in distilled water until the experiment. Specimens were randomly divided into 3 groups (n = 30) for treatment at different temperatures, namely, room temperature, 25°C; human body temperature, 37°C; and hyper-fever temperature, 43°C. Each group was further divided into 3 subgroups (n = 10) to demonstrate the reproducibility of the measurements in each temperature group, and the average mass of each subgroup was calibrated (0.7412 ± 0.0043 g) using an analytical balance to ensure standardization ( Table 3 ). The slabs were stored in distilled water in polyethylene tubes that had been previously washed with distilled water, rinsed with bidistilled water, and dried in a sterilizer oven on blotting paper.
Fluoride Measurement A fluoride-specific ion electrode (Orion model 96-09; Orion Research, Boston, MA, USA) was used to measure the fluoride concentrations. The total ion strength adjustment buffer (TISAB) was used as a stabilizer. 7, 20 Preparation of Calibration Solution from Standard Fluoride Solution A standard 100 ppm fluoride solution (Orion Research 940907, Boston, MA., USA) was used to prepare the calibration solutions. 7, 21 In order to establish calibration graphs, 50 mL of the calibration solutions were prepared using 25 mL of TISAB solution and 25 mL of 2, 4, 6, and 8 ppm fluoride solutions prepared from a standard fluoride solution of 100 ppm fluoride and distilled water. The actual fluoride content of the mouthrinse was determined using the calibration graph constructed from the calibration solutions ( Figure 1) .
Calibration of the Mouthrinse Fluoride Solution Using the standard solution calibration graph (R² = 0.9924), the fluoride concentration of the mouthrinse was determined to be 235 ppm, which is similar to the measurement reported by the manufacturer (230 ppm). On the basis of this calibration graph, the rinse volumes were calculated for solutions of 0.5, 1.0, 1.5, 2.0, and 2.5 ppm fluoride. Calibration graphs for all the temperatures were constructed for determining the fluoride uptake by the enamel from the mouthrinse solution. Table 4 shows the fluoride ppm and the corresponding mouthrinse volumes for 50 mL of the calibration solutions. Separate solutions were prepared for each temperature at all ppm values. The mV values were recorded from the potentiometer screen after the readings stabilized. Calibration graphs for 25°C, 37°C, and 43°C are shown in Figures 2, 3 , and 4, respectively.
Determination of Fluoride Uptake by the Enamel from the Mouthrinse Solution
Circulation water bath temperatures were adjusted for all temperatures and subgroups. Test solutions of 0.426 mL of the fluoride mouthrinse were freshly prepared for each subgroup. Different pipettes were used for TISAB, distilled water, and the mouthrinse. Magnetic stirrers and small magnets were used to maintain the stability and integrity of the solutions. New magnets and containers were used for each experiment. All experiments were performed using freshly prepared solutions. 22 Temperature sensors, thermometers, and fluoride-specific electrodes were held in place in the solutions by using fixed holders. The surfaces of the electrodes and the temperature equipment were washed with distilled water and dried between groups. The fluoride content of each solution was measured using a potentiometer and recorded prior to the addition of the enamel specimens at 15-s intervals up to 1 min, 1-min intervals from 1 to 10 min, 5-min intervals from 10 to 50 min, and 10-min intervals from 50 to 120 min. The fluoride uptake by the enamel specimens was calculated in mV by subtracting the measured concentration from the previously measured concentration before the addition of the specimens. The same procedures were repeated for all the temperatures and subgroups.
Fluoride-ion activity potential was measured in mV by using a potentiometer. The calibration graphs were constructed with mV values on the yaxis and the ppm F¯ values on the x-axis; the ppm F¯ values were calculated using the equation y = mx + n.
Statistical Analysis
The uptake of fluoride by the enamel specimens from the mouthrinse was measured and recorded from 15 s to 120 min. Graphs of the fluoride uptake for each temperature group were drawn, Table 4 . 50mL calibration solutions (fluoride ppm and mouthrinse volume).
The effect of temperature on fluoride uptake and intragroup and intergroup comparisons were assessed using one-way analysis of variance and the least significant difference, with the level of significance set at P<.05.
RESULTS
The fluoride absorption by the enamel specimens from the mouthrinse was found to increase with increase in temperature (Table 5) .
Enamel Fluoride Concentrations at 25ºC
The changes in the mV and ppm values of the fluoride solution at 25°C are shown in Figures 5 and 6, respectively. At 25°C, most of the reduction in the solution's fluoride concentration occurred in the first 16 min, during which the concentration decreased at a rate of approximately 20% to 1.60 ppm. At 50 min, the mean fluoride concentration had decreased to 1.56 ppm (23%) and at 120 min, the mean fluoride concentration had decreased to 1.52 ppm (25%). Differences in the rate of change in fluoride concentrations were significant up 70 min (P<.05) but they were not significant from 70 min to 120 min (P>.05). 
Enamel Fluoride Concentrations at 37ºC
Changes in the mV and ppm values of the fluoride solution at 37°C are shown in Figures 7 and  8 , respectively. At 37ºC, most of the reduction in the solution's fluoride concentration occurred in the first 12 min, during which the fluoride concentration of the solution decreased at a rate of approximately 30% to 1.4 ppm. At 50 min, the mean fluoride concentration had decreased to 1.00 ppm (50%) and at 120 min, the mean fluoride concentration had decreased to 0.7 ppm (65%). Differences in the rate of change in fluoride concentrations were significant up to 60 min (P<.05) but they were not significant from 60 min to 120 min (P>.05).
Enamel Fluoride Concentrations at 43ºC
Changes in the mV and ppm values of the fluoride solution at 43°C are shown in Figures 9 and  10 , respectively. At 43°C, most of the reduction in the solution's fluoride concentration occurred in the first 5 min, during which the fluoride concentration of the solution decreased at a rate of approximately 65% to 0.7 ppm. At 50 min, the mean fluoride concentration had decreased to 0.60 ppm (70%), and no further changes in concentration were observed. Differences in the rate of change in fluoride concentrations were significant up 50 min (P<.05) but they were not significant from 50 min to 120 min (P>.05).
A Comparison of the Fluoride Uptake by the Enamel Specimens at Different Temperatures
Regardless of temperature, fluoride uptake occurred most rapidly during the first few minutes, after which it decreased until the enamel reached saturation. Moreover, the speed and amount of fluoride uptake increased with temperature, with majority of the fluoride uptake at 25°C occurring during the first 16 min, compared to the first 12 min at 37°C and the first 5 min at 43°C. Significant increase occurred in the rate of uptake until 70 min at 25°C, 60 min at 37°C, and 50 min at 43°C (P<.05), after which the changes were not statistically significant. 
DISCUSSION
The present study examined the effect of temperature on fluoride uptake by enamel specimens from a mouthrinse. In order to ensure comparability between groups, utmost care was taken in the preparation of the samples to provide standardization of volume and mass. Numerous studies have relied on fluoride-specific ion electrodes for measuring the fluoride uptake. 1, 7, [23] [24] [25] [26] [27] [28] Our study also utilized a fluoride-specific ion electrode as a practical, economical, and accurate measuring tool.
Fluoride mouthrinses may be categorized by NaF concentrations as either low concentration (230 ppm, 0.05%) or high concentration (900 ppm, 0.2%). 29 In addition to NaF formulations, SnF2, amine fluoride, and ammonium fluoride mouthrinses are also available. 5, [30] [31] [32] Mouthrinses routinely available on the market tend to be low-concentration, neutral-pH, 0.05% NaF solutions. 12, 33, 34 In this study, a 0.05% NaF mouthrinse solution was chosen because it possessed a stable structure, almost neutral pH, and high solubility; did not cause enamel discoloration (as with SnF 2 ); and was readily available on the market.
In line with many earlier studies, our study found that majority of the fluoride uptake by the enamel specimens occurred during the first minutes following application and continued over time. Moreover, our study showed that increasing the temperature of the fluoride solution resulted in an increase in the fluoride uptake by the enamel specimens as well as a decrease in the time needed to reach saturation. Fluoride absorption was found to cease at around 60 min; however, measurements continued until 120 min to control for additional changes/recycling.
Mouthrinse has been reported to be one of the most effective methods of providing low but consistent fluoride levels in the oral cavity. 6, 32, 35, 36 As with other fluoride preparations, fluoridated mouthwashes are designed to increase the level of fluoride released in the saliva and maintain it at a certain level. 37 Most importantly, fluoridated agents are able to increase the resistance and decrease the solubility of the enamel to acids through the incorporation of fluoride ions into the enamel apatite structure.
As with all chemical reactions, the degree and speed of penetration of fluoride into the enamel and the formation of fluorapatite are strongly dependent upon concentration and temperature. 16 However, very few studies have examined the effect of temperature on fluoride uptake by the enamel from a mouthrinse. Barrancos 18 reported that fluoride absorption increases with increase in room temperature, and Stookey and Stahlman 20 showed that uptake from a fluoride solution could be increased by raising the temperature of the storage container by scrubbing. Moreover, in a study examining the effects of heat (25°C, 45°C, 65°C, and 85°C) on tin and fluoride uptake from a topical SnF 2 (8%) solution by enamel samples prepared from extracted bovine teeth, Putt et al 17 reported increase in both fluoride and tin uptake in line with increase in temperature, with the most significant increase in fluoride content observed at 65°C and 85°C. Our study used a 0.05% NaF solution and examined temperatures up to only 43°C, the body's hyper-fever limit. Nevertheless, in line with these previous studies, significant increase in fluoride uptake was observed with increase in temperature.
CONCLUSIONS
Our study found that the amount and rate of fluoride uptake by tooth enamel increased with increase in temperature. The temperature of NaF mouthrinse may easily and safely be increased beyond room temperature by placing a container of NaF mouthrinse in a bowl of hot water, allowing greater fluoride penetration into the enamel when the mouthrinse is used at home as a routine prophylactic agent. It should be noted that fluoride absorption and release may change depending upon an individual's dental structure and eating habits. Other studies are required to examine the effects of temperature on fluoride uptake in the enamels of different populations from other mouthrinse derivatives and at different temperatures and application times.
